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Total body electrolyte composition and distribution of body wa-
ter in uremia. Total body sodium and chloride were measured by
neutron activation analysis, and total body potassium was mea-
sured by whole body counting in ten male patients with end-
stage renal disease requiring chronic maintenance hemodialysis.
The extracellular fluid volume was estimated from the simultane-
ously measured volume of distribution of bromine 77 and sodium
24. Total body water was estimated from the volume of distribu-
tion of tritiated water. Total body sodium and chloride were
significantly increased above normal measured values, but total
body potassium was not significantly different from normal. The
increase in total body sodium could be attributed to an increase
in exchangeable sodium because no significant change in the
nonexchangeable portion of total body sodium could be detected.
Extracellular fluid volume, estimated from three different tech-
niques (total body chloride, sodium 24, and bromine 77), and
total body water were increased significantly above normal
values. Extracellular fluid volume was correlated with exchange-
able sodium, and total body water was closely correlated with
total cation content (exchangeable sodium and total body potas-
sium). The calculated intracellular fluid volume was decreased
and was closely correlated with total body potassium. Despite
adequate control of uremia by chronic maintenance hemodialysis.
body electrolyte composition and the distribution of body water
remain significantly different from normal.
Contenus corporels en electrolytes et distribution de l'eau au
cours de l'urémie. Le sodium et le chiore totaux ont été mesurés
par activation neutronique et comptage corporel total chez dix
malades de sexe masculin atteints d'insuffisance rénale chro-
nique avancCe et soumis a l'hémodialyse chronique. Le volume
extra-cellulaire a Cté évaluC a partir du volume de distribution de
bromine 77 et sodium 24. L'eau totaux a dtd évalué a le volume de
distribution de l'eau tritiée. Le sodium et le chlore totaux dtaient sig-
nificativement supérieurs aux valeurs normales alors que le potas-
sium total n'était pas significativement different de Ia valeur nor-
male. L'augmentation du sodium total a pu être rapportée a une
augmentation du sodium échangeable puisqu'il n'a pas etC ob-
serve de modification significative de Ia fraction non echangeable
du sodium total. Le volume extracellulaire, évalué de trois facons
différentes (chlore, sodium 24, et bromine 77), et l'eau to-
tale Ctaient significativement supdrieurs aux valeurs normales.
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Le volume extra-cellulaire dtait corrélé au sodium dchangeable
alors que l'eau totale était étroitement corrClCe au contenu total
en cations (sodium echangeable et potassium total). Le volume
intracellulaire calculé était augmente et Ctroitement corrélé au
potassium total. Malgré un contrôle adequat de l'urCmie par
l'hCmodialyse chronique, les contenus Clectrolytiques et Ia dis-
tribution de l'eau totale sont diffCrents de ceux du sujet normal.
In patients with chronic renal failure who are re-
ceiving regular hemodialysis, the loss of excretory
function modifies their body composition. The cat-
ion content and the quantity and distribution of
body fluids are altered. The body sodium content is
usually elevated, whether measured as exchange-
able sodium with a sodium isotope [1-3] or mea-
sured as total body sodium (TBNa) using total body
neutron activation analysis [4]. The total body
potassium (TBK) content, however, can be quite
variable. In general, potassium stores remain nor-
mal in patients dialyzed with a solution containing
1.5 mEq/liter or more of potassium, but they are
more likely to be decreased in patients dialyzed
with a solution containing less than 1.5 mEq/liter of
potassium [5—8].
Estimates of the extracellular fluid (ECF) in dial-
ysis patients frequently reveal an increase above
normal whether the measurements are related to ac-
tual body weight [9] or to fat-free weight [10]. Total
body water (TBW) measurements in dialysis pa-
tients vary from normal [10] to increased [11].
Therefore, the intracellular fluid (ICF), the dif-
ference between the TBW and the ECF, usually de-
creases below the predicted normal level in dialysis
patients. Although there has been little question
about the accuracy of the tritium volume of distri-
bution as a measure of the TBW, concerns have
been raised about the validity of the measurements
of the volume of distribution of the sodium and bro-
mide isotopes as estimates of ECF, particularly in
patients with fluid retention and malnutrition [12].
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Although close correlations have been noted be-
tween exchangeable sodium and volume of ECF,
exchangeable potassium and volume of ICF, and
total body cation (sum of the exchangeable sodium
and exchangeable potassium) and TBW in normal
persons [13], comparatively little information con-
cerning these correlates is available in patients with
chronic renal failure. Graham, Lawson, and Levi-
ton [14] measured the intracellular and extracellular
cation content of muscle biopsy specimens from pa-
tients with chronic renal failure prior to dialysis and
found a significant correlation between muscle tis-
sue ECF and sodium content and between ICF and
potassium content. Patrick et al [15] measured the
intracellular water and cation content of leukocytes
from dialysis patients and found a significant corre-
lation between potassium and water content.
The aim of our experimental studies in dialysis
patients was (1) to measure the ECF with more than
one isotope simultaneously in an attempt to im-
prove the validity of this measurement, and (2) to
use these volume measurements along with simulta-
neously performed total body cation measurements
to determine the correlation between the cation
content of the body and the volume of the ECF,
ICF, and TBW.
Methods
Studies were performed in four normal male vol-
unteers and in ten male patients requiring chronic
maintenance hemodialysis with a singlepass dialy-
zer (Gambro 1.2 m2). The potassium concentration
in the dialysate was 2 mEq/liter. The volunteers
ranged in age from 22 to 64 years, and the patients
ranged in age from 21 to 65 years. The patients are
characterized in Table 1. All patients underwent a
physical examination at the time these studies were
performed. No patient had ankle edema or fluid ac-
Table 1. Patient characterization
Duration of
Patient
no.
Age
yr Diagnosis
dialysis
months
1 57 Polycystic kidneys 35
2 56 Mesangiocapillary
glomerulonephritis
2
3 29 Mesangiocapillary
glomerulonephritis
22
4 21 Obstructive uropathy 3
5 51 Nephrosclerosis 36
6 55 End-stage renal disease 58
7 65 Nephrosclerosis 26
8 24 Chronic glomerulonephritis 48
9 50 Chronic glomerulonephritis 26
10 42 Chronic glomerulonephritis 58
cumulation in the lungs. All patients were dialyzed
three times weekly. Two were taking antihyper-
tensive medications, all were taking antacids, none
were taking potassium-binding resins.
The TBW was measured by using 1.5 sCi/kg of
tritiated water. The syringe was weighed before and
after the intravenous injection to verify the dose re-
ceived by the patient. Blood was drawn alter a 1-
hour equilibration, and the serum was separated.
Initially, blood was drawn at 1 hour and at 2 hours
following injection. Because the results at both time
intervals were not different, the 2-hour specimen
was eliminated. Using a modified Thunberg appa-
ratus, we removed water from the serum by vacu-
um distillation. The water was counted in scintilla-
tion liquid (Insta-Gel, Packard Instrument Co.).
Total body neutron activation analysis (TBNAA)
was performed with a 5-mm neutron exposure (0.28
rem) provided by an array of fourteen 50-Ci en-
capsulated plutonium 238, beryllium sources, as has
been described previously [16]. The induced activi-
ty was measured in the Brookhaven whole body
counter [17]. With this technique, the accuracy and
precision of measurement is 1.9% for total body
sodium (TBNa), 2.1% for total body chloride (TB1),
and 3.3% for total body potassium (TBK), as
determined with an anthropomorphic phantom [16].
Simultaneous measurements of exchangeable so-
dium and extracellular fluid volume were performed
by using sodium 24 and bromine 77 according to the
technique described by Skrabal et al [18]. New Eng-
land Nuclear supplied the sodium 24 in the form of
sodium-24 chloride. The Medical Research Council
Cyclotron Unit, Hammersmith Hospital, London,
G.B., supplied the bromine 77.
After the TBNAA was performed, each individual
received an i.v. injection of 3 ml of an isotonic mix-
ture containing 20 pCi of sodium 24 and 30 pCi of
bromine 77. Urine, when available, was collected
on the following schedule: 0 to 24 hr, and 24 to 26
hr. A blood sample was taken 24 hr after the injec-
tion. Samples of urine, plasma, and standards were
counted for radioactivity, then analyzed for stable
sodium by flame photometry and for chloride by sil-
ver titration chloridometry.
Because the gamma energies were sufficiently
distinct, simultaneous counting of the isotopes
could be accomplished without chemical separa-
tion. The analyzer windows were set to include the
peak activity at 1.37 MeV and 0.24 MeV for sodium
24 and bromine 77, respectively. To correct for in-
terwindow interference, the counting efficiencies
for each window were determined by counting the
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individual standard separately. The counts in each
window were then corrected for the contribution of
counts from the other isotope by the application of a
standard mathematical matrix interference analysis
procedure.
The 24-hr postinjection plasma sample was used
for calculating the exchangeable sodium and the ex-
changeable bromide. The exchangeable sodium, ex-
changeable bromide, and TB1 were all used to cal-
culate ECF. Because 90% of the body chloride is
estimated to be extracellular [19], a correction fac-
tor of 0.9 was used to calculate ECF from ex-
changeable bromide and TB1. Lean body mass
(LBM) was derived from TBK. The value of 64.5
mEq/kg of LBM was used for the calculation [20].
The statistical analysis was performed with the
paired and unpaired Student's t test. All results are
reported as the means SD.
Results
Total body cation content in dialysis patients.
The total body potassium measurements are listed
in Table 2. When expressed in terms of the ob-
served to the predicted ratio, the normal values are
slightly higher but the difference is borderline in sig-
nificance (Table 2). Neither group differs signifi-
cantly from normal predicted values. When ex-
pressed per gram of total body calcium, the total
body potassium does not differ in the two groups
(Table 2), a finding similar to results previously re-
ported [21] from our laboratory. In addition, the cal-
culated intracellular potassium is not different in the
two groups. Table 3 lists the exchangeable and total
body sodium measurements. The differences be-
tween controls and the patients are significant when
expressed in terms of lean body mass or total body
calcium, but not when expressed in terms of body
weight. The absolute quantity of nonexchangeable
sodium, as well as the percentage of total body so-
dium that is nonexchangeable, remains constant in
both groups and averaged 12.1% in normal subjects
and 11.5% in the dialyzed patients.
Body fluid spaces and the distribution of intra-
cellular and extracellular fluid in dialysis patients.
The TBW, estimated by the tritiated water volume
of distribution, was significantly increased (Table 4)
when expressed in relation to the LBM and total
body calcium, but not when expressed in relation to
body weight. The ECF volume was estimated by
three independent techniques, the volume of distri-
bution of sodium 24 and bromine 77 and total body
chloride. Each one of the three techniques indicated
that the ECF expressed in relation to the LBM, to
the total body calcium, or to body weight was sig-
nificantly increased in the dialysis patients (Table
4). The calculated ICF volume was smaller than
normal when estimated by each of the three tech-
niques. The distribution of the TBW between the
ECF and the ICF was altered in dialysis patients.
The percentage of TBW in the ECF increased, but
the percentage of TBW confined to the ICF de-
creased (Table 5).
Table 6 contains the measured and calculated val-
ues, as well as the blood pressures for each individ-
ual patient. The blood pressure did not correlate
with the total body sodium, the exchangeable so-
dium, or the bromine ECF. In three patients, the
ratio of the observed TBK to the predicted TBK
(PTBK) fell outside the normal range, two being
lower and one being higher than normal. The TBcaI
pTBca ratio was normal in five patients. Two were
lower, and three were higher than normal.
In normal subjects and dialysis patients, there
was a linear correlation between the three estimates
of the ECF used in this study (Table 7). In the nor-
mal subjects, the mean bromine space was not sig-
Table 2. Total body potassium in dialysis patientsa
Calculated
Observed
Predictedb
x 100 Total body calcium
inEqig
ICFKe
mEqiliter
Normal subjects (4) 109 7 2.96 0.25 169.5 7.3"
Patients(l0) 98 11 3.06 0.52 176.0 13.9"
Values are means SD. Numbers in parentheses represent number of measurments.
"Predicted total body potassium was determined from the formula PTBK = a .,/H2 x W. where pTB is the predicted TBK (grams),
H is the height (meters), W is the weight (kilograms). and a in males 5.52 — 0.014 x age (years).
TBK — (Bromide ECF x serum K)ICF potassium was calculated by Bromide ICF
"P = NS.
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nificantly different from the mean sodium space or
the mean of the total body chloride space. The
mean sodium space was not significantly different
from the total body chloride space. In the patients,
there was no significant difference between the
mean of the bromine space and the mean of the so-
dium space or the mean of total body chloride
space, and there was no significant difference be-
Table 3. Exchangeable and total body sodium (means SD) in
dialysis patients
Exchangeable Total body
sodium sodium
• mEq mEq
Per kg body WI
Normal subjects 45.6 2.4 49.2 2.3
Patients 46.0 47a 52.0 43a
Per kg lean body mass
Normal subjects 56.4 3.9 64.1 3.7
Patients 69.3 10.8" 78.3 11.2"
Per kg of total body calcium
Normal subjects 2,580 240 2,930 290
Patients 3,230 480 3,530 390
tween the mean of the sodium space and the mean
of the chloride space.
Figures 1, 2, and 3 depict the relationship be-
tween ECF (determined by the bromine volume of
distribution) and exchangeable sodium, ICF (deter-
mined by the bromine volume of distribution) and
TBK and total cation (exchangeable sodium and
TBK), respectively. With the exception of the re-
gression between ICF and TBK, which contains
only four measurements in the normal subjects, all
correlation coefficients are significant. Furthennore,
there is no significant difference between the inter-
cepts or slopes of the linear regression equations for
the normal subjects and those for the patients.
Discussion
If one assumes that the nonexchangeable sodium
represents, for the most part, the intracellular so-
dium, then the observed increase in TBNa noted in
our dialysis patients is attributable to an increase in
exchangeable extracellular sodium, because the
nonexchangeable sodium remains constant. TBW
and ECF are increased, but ICF is slightly de-
creased. Consequently, the increased TBW arises
Table 5. Distribution of to tat body water (TBW) in dialysis patientsa
Total body
Bromide space Sodium space chloride space
ECF/TBW ICFITBW ECF/TBW ICF/TBW ECF/TBW ICFITBW
% % % % %
Normal subjects 48.8 3.1 51.2 3.1 54.0 2.9 46.0 2.9 49.5 4.4 50.5 4.4
Patients 56.8 5.0 43.2 5.0 60.3 6.6 39.7 6.6 58.1 6.6 41.9 6.6
P (vs. normal) <0.025 <0.025 <0.005 <0.005 <0.005 <0.005
a Values are means SD.
ap = NS, vs. normal subjects.
"P <0.01, vs. normal subjects.
P <0.005, vs. normal subjects.
Table 4. Body fluid volumes (ml) in dialysis patientsa
Total body chloride
Bromide space Sodium space space
Total body
waterECF ICF" ECF ICF ECF ICF
Per kg body WI
Normalsubjects 272.5 17 287.8 24 302.0 16 258.3 22 277.3 24 283.0 31 560.2 27
Patients 311.5 23 248.6 54 329.9 30 230.2 62 317.4 30 243.7 62 560.1 58
P (vs. normal) <0.005 NS <0.05 NS <0.025 NS
Per kg lean body mass
NS
Normal subjects 355.3 28 373.6 16 394.2 26 334.8 15 364.3 38 367.0 27 729.0 18
Patients 467.1 49 355.5 53 497.0 75 325.7 49 478.1 75 344.6 56 822.7 64
P(vs.normal) <0.001 NS <0.01 NS <0.01 NS
Per kg of total body calcium
<0.01
Normalsubjects 16,220 1,560 17,080 1,550 18,000 1,590 15,300 1,400 16,490 1,690 16,810 2,150 33,300 2,370
Patients 21,850 3,030 16,730 3,460 23,120 3,190 15,530 3,820 22,720 3,290 15,930 4,070 38,650 5,540
P (vs. normal) <0.005 NS <0.005 NS <0.005 NS <0.025
a Values are means SD.b ICF (intracellular fluid space) was calculated from the difference between tritiated water volume of distribution and the extracellular
fluid (ECF) as estimated by bromine 77, sodium 24, or total body chloride.
—
total body chlorideTotal body chloride space x 0.9.— plasma chloride
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Table 6. Individual measurements of body composition
Patient
no.
Body
wt
kg MAP
TBNa
inEq
TB1
mEq
TB5
,nEq TBK/PTBK
TBa
mEq TBc/PTBca
Exchangeable
sodium
rnEq
Sodium
ECF
liters
TB1
ECF
liters
Bromide
ECF
liters
TBW
liters
1 79.0 109 4139 2696 3380 0.96 53250 0.93 3939 27.9 26.4 24.4 45.3
2 70.0 104 4188 2764 2971 1.08 59650 1.48 3703 25.7 23.1 22.7 42.8
3 65.9 114 3240 1934 3414 1.02 52650 1.21 2793 20.4 19.0 18.9 41.4
4 57.3 132 3057 2177 2091 0.75 38650 0.94 2670 18.8 21.0 17.2 29.6
5 67.2 131 3684 2439 3316 1.15 44250 0.83 3215 23.0 22.1 23.9 40.5
6 82.2 135 3945 2473 3590 1.03 58800 1.08 3184 22.7 22.4 23.7 43.2
7 82.7 110 3997 2408 2918 0.96 66500 1.36 3242 24.2 23.0 22.8 35.2
8 61.3 115 3410 2366 2941 0.83 53600 0.97 2787 20.2 21.4 21.2 35.2
9 76.3 125 3997 2355 2999 0.95 59650 1.02 3981 28.9 23.6 24.1 40.2
10 68.1 117 3010 2121 3132 1.09 40800 1.87 3077 22.0 21.7 21.2 35.8
Abbreviations are defined: MAP, mean arterial pressure; TB, total body value for sodium (Na), chloride (Cl), etc.; p, predicted
value; ECF, extracellular fluid. Values were calculated as follows: mean arterial pressure = diastolic pressure + '/3 (systolic pressure —
diastolic pressure). TBk/pTBK = observed/predicted total body potassium (normal range 0.86 to 1.14). Predicted TB,, was calcu-
lated as shown in Table 2. TBca/pTBca = observed/predicted total body calcium (normal range, 0.90 to 1.10). pTB = HV'iZ, where
= 54.5 for males, H = height (m), and K = TBK (in grams).
Table 7. Correlation coefficients and statistical comparisons of
extracellular fluid (ECF) volume relative to lean body mass (mU
kg) as estimated from sodium 24, total body chloride (TB,),
and bromine 77
77Br TB,
24Na
Normal subjects 0.995 0.943
Patients 0880b 0.810
TB1
Normal subjects 0.967 —
Patients 0,870 —
ap <0.01.
"P <0.001.
primarily as a result of an expansion of the ECF.
Three independent markers were used to estimate
the ECF. Each one of the ECF estimates correlates
closely with the ECF estimated by the other two
techniques. In addition, there is a close correlation
between the ECF and the exchangeable sodium, the
ICF and the TBK, the TBW and the sum of the ex-
changeable sodium and TBK. The increased ECF
and exchangeable sodium appear to be the primary
abnormalities in body composition in dialysis pa-
tients, resulting in a secondary increase in TBW and
total body sodium. These changes in the extra-
cellular compartment do not affect the TBK, the cal-
culated ICF, and the calculated nonexchangeable
sodium, because these values do not differ signifi-
cantly from the normal values. Direct measurement
of bone sodium [22] and intracellular sodium [23] in
patients with renal failure appears to be consistent
with these observations.
The changes observed in ECF volume in dialysis
patients could be due to changes in the distribution
of the marker across cell membranes. Chloride, and
presumably bromide, are found in both the extra-
cellular and intracellular fluid. Therefore, an in-
crease in total body chloride or exchangeable bro-
mide could represent either expansion of the extra-
cellular or intracellular fluid or expansion of both
spaces. For example, the increased ECF volume
noted in patients following open heart surgery [24]
estimated by the volume of distribution of bromide
has been attributed to increased cellular penetrance
of bromide rather than to increased ECF volume. In
our study, the validity of the ECF volume estimates
is supported by the use of three measurements (so-
dium 24, bromine 77, and TB1), which are closely
correlated (Table 7). If we assume that the increase
in exchangeable sodium is confined to the ECF,
then the close correlation between the sodium
space, the bromide space, and the chloride suggests
that the quantity of bromide and chloride pene-
trating the intracellular space is not substantially
different from normal values in dialysis patients.
The close correlations between the estimates of the
increased ECF when three different markers are
used, combined with evidence from other investiga-
tors [15] that the intracellular sodium concentration
of dialysis patients is not increased, support the va-
lidity of the concept that the ECF is expanded in
dialysis patients.
In the dialysis patients, the increased TBW was
distributed abnormally. A greater fraction of TBW
is represented in ECF than it is in normal subjects
regardless of the substance used to estimate the
ECF (Table 5). Because exchangeable sodium and
the ECF, as well as TBK and ICF, are closely corre-
lated, it appears that the osmotic pressure gener-
ated from extracellular sodium and intracellular po-
Correlation between exchangeable sodium
and extracellular fluid volume
' Normals v 0.17x —144 r=0.99 P<0.01
• Patients y = 0.16x — 165 r 0.79 P<0.01
Both groups v = 0.15x + 84 r= 0.80 P<0.001
.
0
. .
I I I I I
18 19 20 21 22 23 24 25
Bromine ECF volume, ml X iU
Fig. 1. Relationship between extracellular fluid volume and exchangeable sodium including both normals and dialysis patients.
o Normals v=0.16x+250 r0.94 NS I e
• Patients y = 0.08x + 1755 r 0.69 P <0.05
Both groups v 0.llx+ 1231 r= 0.84 P<0.001
I I I I 11111 I U I I I13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Bromine ICF volume, ml X 1O
Fig. 2. Relationship between intracellular fluid volume and total body potassium including both normals and dialysis patients.
tassium plays a major role in controlling the volume
of the ECF and the ICF and thereby the distribution
of TBW across cell membranes.
Previous reports regarding the sodium and fluid
status of dialysis patients have yielded conflicting
results. In some reports [3, 9, 25, 26], exchangeable
sodium, TBW, and ECF, when normalized with
body weight or body surface area, are not signifi-
cantly different from normal 6 to 12 months after the
onset of dialysis, except in dialysis patients who re-
mained edematous. But others have reported that
the exchangeable sodium and ECF in patients on
dialysis 5 to 14 months were increased in com-
parison with predicted values based on height,
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weight, and age. In one report [1], the exchangeable
sodium and ECF expressed in terms of LBM, which
was calculated from height, weight, and skinfold
thickness, were not different from normal when
measured between 4 and 44 months following the
onset of dialysis. In our patients, the ECF was ele-
vated when expressed in terms of body weight,
whereas the exchangeable sodium and TBW were
not (Tables 3 and 4). On the other hand, the ex-
changeable sodium, ECF, and TBW were all ele-
vated when expressed in terms of LBM (calculated
from TBK) and total body calcium. Using these two
factors to normalize the results, instead of body
weight, appears to enhance the sensitivity of the es-
timates of sodium and fluid status. These data sug-
gest that body composition remains abnormal as
long as 58 months after the onset of dialysis.
Although decreases in total body potassium
stores have been noted in patients dialyzed with
low-dialysate-potassium concentration, most of the
measurements of TBK in patients dialyzed with a
2.O-mEqlliter potassium concentration are not sig-
nificantly different from normal subjects. In this
study, TBK and calculated intracellular potassium
were not significantly different from values mea-
sured in the control subjects.
Renal osteodystrophy may be responsible for
fluctuations in the calcium stores of dialysis pa-
tients. In eight often patients studied, the TBca/pTBca
ratio was normal or increased and below normal in
the remainder. Using the potassium or calcium
measurements as a normalizing factor would be
misleading when these values are below normal be-
cause this would falsely elevate the normalized val-
ues. Both of these measurements (TBca and TBK)
were, however, normal or increased in most of the
patients studied, suggesting that the measured in-
crease in ECF. TBW, and exchangeable sodium,
when expressed in terms of total body calcium or
potassium, probably underestimates the changes in
body composition noted in these patients.
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